Yue C, Ponzio TA, Fields RL, Gainer H. Oxytocin and vasopressin gene expression and RNA splicing patterns in the rat supraoptic nucleus. Physiol Genomics 35: 231-242, 2008. First published September 2, 2008 doi:10.1152/physiolgenomics.90218.2008In this study, we test the hypothesis that there are differential splicing patterns between the expressed oxytocin (OT) and vasopressin (VP) genes in the rat supraoptic nucleus (SON). We quantify the low abundance, intron-containing heteronuclear RNAs (hnRNAs) and the higher abundance mRNAs in the SON using two-step, quantitative SYBR Green real-time reverse transcription (RT)-PCR and external standard curves constructed using synthetic 90 nt sense-strand oligonucleotides. The levels of OT and VP mRNA in the SON were found to be similar, ϳ10 8 copies/SON pair, whereas the copy numbers of VP hnRNAs containing intron 1 or 2 and the OT hnRNA containing intron 1 are much lower, i.e., ϳ10 2 -10 3 copies/rat SON pair. However, the estimated copy number of the intron 2-containing OT hnRNA is much larger, ϳ10 6 copies/SON pair. The relative distributions of all the OT and VP RNA species were invariant and independent of the physiological status of the rats (e.g., osmotically stimulated or lactating rats). Using intron-specific riboprobes against hnRNAs, we demonstrate by fluorescence in situ hybridization strong signals of OT hnRNA containing intron 2 predominantly in the cytoplasm, in contrast to the localization of the VP hnRNA found only in the nuclei. Taken together, these data support the view that the splicing patterns between OT and VP gene transcripts are different and show that there is a selective cytoplasmic retention of OT intron 2.
VASOPRESSIN (VP) and oxytocin (OT) genes are expressed in specific neuronal populations in the central nervous system, such as the magnocellular neurons (MCNs) located in the supraoptic nucleus (SON) and paraventricular nucleus of the hypothalamo-neurophypophysial system (HNS). The OT and VP neuropeptides play fundamental roles in the regulation of body fluid and electrolyte homeostasis and reproduction (1, 7) . OT and VP gene expression in the HNS has been extensively studied under many physiological conditions and by a variety of methods which measured mRNA levels, e.g., by Northern blots (53) and quantitative in situ hybridization histochemistry (qISHH) (30, 31, 60) . One limitation of using OT and VP mRNA measurements to monitor gene expression changes in the HNS is that the steady-state levels of OT and VP mRNA in MCNs are so abundant that they mask the small changes of OT and VP mRNA that occur during short hyperosmotic stimuli (31, 36, 47) . This situation typically found in neuroendocrine cells was addressed by the development and successful use of intron-specific probes in qISHH to measure heteronuclear RNA (hnRNA) levels of diverse gene transcripts in neurons (12, 19, 20, 24) . Since the pool sizes for specific hnRNAs are usually small and the half-life of hnRNAs are very short (in minutes), compared with the larger pool sizes and much longer half-lives (in hours to days) of mRNAs (2, 13, 14, 56) , measurements of hnRNAs, in principle, have a more relevant relationship to ongoing transcriptional activity. Several laboratories have successfully developed and used intron-specific riboprobes to measure OT and VP hnRNA levels by qISHH under different physiological conditions (23-25, 61, 62) .
The need for a more quantitative and sensitive method to measure hnRNA levels than by qISSH became apparent to us when we unexpectedly found in a qISSH study of OT hnRNA and mRNA in the SON that a very short intron 2-specific riboprobe designed to detect OT hnRNA was much more effective and reliable than a longer intron 1-specific riboprobe in detecting the OT hnRNA (61) . Structural analyses of the secondary structures of the two intronic sequences in the OT hnRNA as well as the secondary structures in the two intronic probes revealed no significant differences. We hypothesized that the most likely explanation for this difference is that intron 1 is excised from the primary OT transcript at a much more rapid rate than the splicing of intron 2, and therefore the amount of intron 1-containing OT hnRNA (OT hnRNA 1) should be much smaller than that of intron 2-containing OT hnRNA (OT hnRNA 2) in the SON. In this study, we test this hypothesis using two-step quantitative, real-time RT-PCR to measure the mRNA, hnRNA 1, and hnRNA 2 levels for both OT and VP in the SONs from adult male and acute osmotic stimulated rats, as well as virgin, pregnant, and lactating female rats.
Quantitative real-time RT-PCR together with external standard curves is a powerful method that allows for rapid and accurate quantification of gene transcripts (35, 52, 54, 63) and has been widely used in studies directed at problems in neuroscience (55) , cancer research (10, 18, 22) and molecular diagnostics (17, 38, 57) . Virtually all of these studies mainly focus on measuring the steady-state and abundant mRNA levels, and reports about detecting rare gene transcripts, such as hnRNAs, have been sparse. Here, we measure both high abundance transcripts, which are OT and VP mRNA, and low abundance transcripts, OT and VP hnRNAs, in the rat SON using a two-step quantitative, real-time RT-PCR with external standard curves that were generated using 90 nt sense-strand standard oligonucleotides corresponding to the specific tran-scripts' sequences (8, 9) . This approach allowed us to obtain the amplification efficiencies of all the specific PCR primer pairs used in our studies from the corresponding external standard curves. We found that real-time RT-PCR with external standard curves constructed using synthetic 90 nt sensestrand oligonucleotides is a sensitive and reliable method to detect hnRNAs in the rat SON.
We describe in this paper the results of examining OT and VP gene expression under various physiological conditions, and in addition, we present data consistent with the aforementioned hypothesis that the levels of OT hnRNA 2 are greater than those of OT hnRNA 1 under both basal and stimulated conditions. The copy numbers of VP hnRNA 1 and hnRNA 2 are both closer to the level of OT hnRNA 1 than OT hnRNA 2 under the same physiological conditions. The finding that OT hnRNA 2 is orders of magnitude more abundant than the other three hnRNAs suggests that this is occurring by the process of intron retention in the SON. We further examined this hypothesis by doing fluorescence in situ hybridization (FISH) using tyramide signal amplification. In support of this hypothesis, we demonstrate that, in contrast to VP hnRNA, which is exclusively localized in the nucleus, the more intense signals of OT hnRNA 2 detected using the intron 2-specific riboprobe are predominantly found in the cytoplasm of the MCNs. These data further reinforce the hypothesis that there are different splicing patterns between the OT and VP primary transcripts and that there is a selective retention of OT intron 2 in the MCNs.
MATERIALS AND METHODS

Animals.
Adult male and female Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) were used. Animals were individually housed in a temperature-controlled room (21-23°C) with lights on from 7:00 AM to 7:00 PM and given food and water ad libitum. All procedures were carried out in accordance with the guidelines set forth by the National Institutes of Health (NIH) Care and Animal Use Guidelines and were reviewed and approved by the NIH Institutional Animal Care and Use Committee.
Lactating females were killed on day 7 of lactation, and pregnant females were killed on day 19 of pregnancy. These animals and the control adult males and females were killed around 12 noon. For the acute osmotic stimulation experiments, male rats (n ϭ 5 per group) received either an isotonic (0.9% normal saline) or hyperosmotic (1.5 M NaCl) intraperitoneal injection (1 ml solution/100 g body wt) and killed 2 h later.
For the real-time PCR analysis, the rats were decapitated under isoflurane anesthesia, their brains were quickly removed and immediately cooled in ice-cold Hanks' balanced salt solution, and the SONs were rapidly dissected (See below). Brains from the adult male, virgin female, and 7-day lactating rats that were used for the isotopic and fluorescence in situ hybridization studies were frozen on powdered dry ice and stored at Ϫ80°C until sectioning.
Tissue isolation and rat SON total RNA purification. One millimeter coronal slices from each brain were made starting from the front of the optic chiasm using a Jacobowitz brain slicer (Zivic Laboratories, Pittsburg, PA), and the slice, located approximately Ϫ0.8 to Ϫ1.8 mm posterior to the bregma (40) , was placed on a piece of parafilm on a hard black surface. Bilateral punches of SON nucleus were collected with a 14-gauge, stainless steel needle with a flattened end and then transferred to a 1.5 ml tube containing 350 l lysis buffer for the total RNA extraction. RNA extraction and purification were performed according to the manufacturer's protocol with the RNeasy Micro Kit (Qiagen, Valencia, CA). The tissue was immediately homogenized with a pellet pestle motor (Kontes, Vineland, NJ) after being placed into the lysis buffer, followed by the addition of 70% ethanol to adjust the binding conditions. Then the sample was applied to the RNeasy MinElute Spin Column for adsorption of RNA to membrane. DNase I (Qiagen, Valencia, CA) was freshly prepared and added on the column membrane directly, and the DNase digestion was carried out at room temperature for 15 min. The sample was then washed several times and eluted using 14 l RNase-free water. This kit combines RNA extraction and DNase treatment in one spin column system and removes the contaminating genomic DNA. This produces a high yield of total RNA, which is particularly important for the detection of low abundance hnRNA species in the total RNA, such as primary transcripts and transcription intermediates. In some experiments, bilateral SCNs were also punched out of the same 1 mm slice and the total RNA was similarly extracted. After the extraction, the concentration of total RNA was measured on a NanoDrop-1000 spectrophometer (NanoDrop Technologies, Wilmington, DE). The average total RNA obtained from a pair of SONs of one animal was 1,621 ng, and the A260/A280 ratios of total RNA from all the animals ranged between 1.9 and 2.1.
Reverse-transcription PCR identification of primary transcripts and intermediate RNA forms of OT and VP gene transcripts.
Three pairs of gene-specific primers for both the OT and VP predicted gene transcripts were designed by using the MacVector 7.0 program (Oxford Molecular, Oxford, UK), and the rat OT and VP gene sequences (GenBank accession no. X59496), respectively. Supplemental Table  S1A shows the sequence of the primers with their estimated melting temperature (Tm) values and the predicted sizes of their PCR products. 1 These primers were used to amplify the OT or VP cDNAs from primary transcripts (RNA species containing both intron 1 and intron 2) and intermediate RNA forms (e.g., hnRNA 1, or hnRNA 2). The terms hnRNA 1 or hnRNA 2 of OT or VP refer to partially spliced RNA transcripts containing only intron 1 or intron 2, respectively (see Fig. 1 ). BLAST results show that these primers are specific for the OT or VP genes. The reverse transcription primers for these experiments are shown in Supplemental Table S1B. The OT and VP intron-specific primers in Supplemental Table S1B that are located in intron 2 of the OT or VP transcripts would in principle reverse transcribe either the primary transcripts or hnRNA 2. The OT and VP gene specific primers located in the 3Ј-untranslated region (UTR) of the OT or VP transcripts would reverse transcribe the primary transcripts or hnRNA 1.
Reverse transcription was performed using 200 ng total RNA extracted and purified from the SON or SCN of each animal, 2 pmol of either OT or VP primers, and 200 units of SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA) in a total volume of 20 l. The reaction was incubated at 65°C for 5 min followed by incubation at 55°C for 60 min. cDNA synthesis was followed by RNase H treatment (Invitrogen). A reverse transcription negative control for each sample to detect the genomic DNA was performed simultaneously and underwent the same procedures but without SuperScript III Reverse Transcriptase.
PCR was performed using Platinum Taq DNA polymerase (Invitrogen) according to the company's recommended reaction conditions, except for the annealing temperature, which was determined by the MacVector 7.0 program. Six microliters of the PCR products were loaded and analyzed on 1.5% agarose gel. The bands of the PCR products with the right sizes were purified and sequenced (Macrogen, Rockville, MD).
Design of primers for real-time PCR and gene-specific reverse transcription. Based on the DNA sequences of the OT and VP genes, three pairs of primers for each gene were designed to amplify the specific cDNA representing the OT and VP transcripts containing exons and/or different introns derived from the SON total RNA, which are named OTex1, OTin1, OTin2, VPex1, VPin1, and VPin2 and illustrated diagrammatically in Fig. 2 . The quantifications of these specific PCR products are related to the levels of OT mRNA, OT hnRNA 1, OT hnRNA 2, VP mRNA, VP hnRNA 1, and VP hnRNA 2 in the rat SON total RNA extracts. BLAST results show that these primers are specific for the OT or VP gene. The sequences of these six pairs of primers are shown in Supplemental Table S2 , with their estimated Tm values and lengths of PCR products. The Tm values of the forward and reverse primers in each pair are similar, which is critical for qPCR (8) .
The OT and VP gene specific primers used for the reverse transcription in the real-time PCR experiments are shown in Supplemental Table S1B. The binding sites of both primers are located in the 3-UTR of the OT or VP gene but are upstream of their poly-A region and can be used to simultaneously reverse-transcribe both mRNAs and hnRNA (including primary and intermediate transcripts) of the OT and VP genes. The gene-specific primer can provide the greatest sensitivity for quantitative assays compared with random primer and oligo-dT primer (9) and would not reverse transcribe any freestanding excised introns.
Design of 90 nt single-strand sense oligonucleotides for standard curves. In this study, synthesized single-strand sense oligonucleotides were used to generate standard curves specific for each kind of real-time PCR product. The general method is described elsewhere (8, 37) and was used here with minor variations. Briefly, the 90 nt single-strand oligonucleotides were designed according to the anticipated DNA sequences of the real-time PCR products derived from each primer pair. The sequences of the 90 nt oligonucleotides are shown in Supplemental Table S3 , having the same primer sequences on the two ends and similar GC content compared with the sequences of the corresponding PCR products. All of these oligonucleotides were commercially synthesized and purified by polyacrylamide gel electrophoresis (Sigma, St. Louis, MO).
Real-time PCR. The real-time PCR was performed using the QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA) on a Smart Cycler instrument (Cepheid, Sunnyvale, CA). The amplification mixture included 12.5 l of 2ϫ QuantiTect SYBR Green PCR Master Mix, 0.3 M each primer for OT or 1.0 M each primer for VP, 2 l of cDNA preparation from SON RNA (the cDNA generated from 20 ng SON total RNA), or 2 l of diluted 90 nt oligonucleotides, and an appropriate volume of DNase and RNase-free water to a final volume of 25 l. The real-time PCR using the diluted 90 bp oligonucleotides as template were repeated at least four times for each dilution. The optimal PCR cycling conditions included one cycle of initial activation at 95°C for 15 min, followed by 45 cycles for OT and 50 cycles for VP of denaturing at 95°C for 15 s, annealing at 61°C for OT and 60°C for VP for 15 s, and extension at 72°C for 15 s. The melting curve and specific Tm for each PCR product was generated and was used to check product uniformity and specificity. In preliminary experiment, some PCR products were randomly selected and run on 1.2% agarose gel to verify the reliability of the melting curves and temperature.
Standard curve construction and quantification analysis of realtime PCR. The standard curve method used in this study has been described elsewhere (37) , with minor variations. Briefly, the synthesized oligonucleotides were diluted with DNase and RNase-free water in 10-fold serial dilutions over a range that spanned the sample concentrations, and the real-time PCR was performed to the get the cycle threshold (Ct) values for the diluted oligonucleotides (Supplemental Fig. S1 ). The standard curves for real-time PCR using OT-and VP-specific primers were constructed by plotting the Ct values from serially diluted oligonucleotide solutions against the logarithm of the initial oligonucleotide template amount using StatView 5.0 software (SAS Institute, Cary, NC). For each pair of primers, the linear standard curve was determined from five serial oligonucleotide dilutions to get a wide range of Ct values and to allow direct quantification Fig. 1 . Gel analysis of reverse-transcription PCR products of oxytocin (OT) and vasopressin (VP) primary transcripts and transcription intermediates from the rat supraoptic nucleus. Reverse-transcription PCR products were loaded on to a 1.5% agarose gel containing ethidium bromide for gel electrophoresis. The arrows in the schematic diagrams in A-C show the binding sites of the specific primers for reverse transcription. The arrowheads in the panels show the binding sites of the PCR primer pairs to the predicted cDNAs derived from the OT and VP transcripts in the rat SON. A: RT-PCR products derived from the OT and VP primary transcripts. B: RT PCR products derived from transcription intermediates containing only intron 1 of the OT or VP gene. C: RT-PCR products derived from the transcription intermediates containing only intron 2 of the OT or VP gene. The strongest band in the 100 bp ladder marker is 500 bp. The primers used for the reverse transcription and the PCR, as well as the predicted amplicon lengths are shown in Supplemental Table  S1 . All the products have the predicted sizes of the RNA forms. Table S2. of every sample of rat SON RNA (Supplemental Fig. S2 ). The dilution ranges of each oligonucleotides were determined by preliminary real-time PCR data of cDNA from rat SON total RNA and diluted oligonucleotides. Using the slope value in the equation, we calculated the efficiency by the formula E ϭ 10 Ϫ1/slope Ϫ 1 (58) . If the slope value is in the range from Ϫ3.3 to Ϫ3.8, the efficiency will be close to 1, which indicates the PCR is efficient. Supplemental Figure S2 shows that the amplification efficiencies (E) for all primer pairs are ϳ1. For the OT gene, the amplification efficiency of OT intron 1 is higher than that of OT exon 1, and the latter is higher than OT intron 2. Among the three pairs of primers for the VP gene, VP intron 2 has the highest amplification efficiency, which is ϳ1.1, and the efficiencies for VP intron 1 and VP exon 1 are very similar, which are both ϳ0.98. Most of the slope values of these six standard curves are in the range from Ϫ3.3 to Ϫ3.8, which means the real-time PCR for all these six pairs of primers were performed efficiently and can be used to detect the amounts of the OT and VP RNA species in the rat SON total RNA.
The Ct value of the real-time PCR for cDNA from each rat SON RNA sample was put in the corresponding equation drawn from the corresponding standard curve, and the amount of oligonucleotides at the same Ct value was calculated and expressed as copy numbers, which are theoretically equivalent to the copy numbers of the starting cDNA templates from 20 ng of rat SON total RNA, and this was corrected by using the amount of total RNA present in the SON pair of the rat. The copy numbers of the genomic DNA were calculated using the Ct values from every rat SON sample and were subtracted from the copy numbers of the starting cDNA template to get the relative starting copy numbers of the transcript RNAs (mRNA or hnRNA) in the SON pair of each rat.
Isotopic in situ hybridization histochemistry and FISH using tyramide signal amplification. The isotopic in situ hybridization histochemistry (ISHH) protocol used here, including the tissue sectioning, labeling of riboprobes, hybridization conditions, and phosphoimaging procedures to detect VP heteronuclear RNA and mRNAs in hypothalamic brain slices, is the same as we have described elsewhere (61) .
For the FISH, four different riboprobes were used. These include an OT intron 2-specific probe, an OT exon-specific probe, and the VP intron-specific and VP exon-specific probes, which we have previously used and described elsewhere (61) . Digoxigenin (DIG) labeling of these probes was done per the manufacturer's instructions (Roche Diagnostics, Indianapolis, IN) using PCR amplified VP (30 ng) and OT (100 ng) sequences as a template. Overnight hybridization at 55°C was done using 2 l out of the 100 l purified DIG-labeled riboprobe per slide in a total of 80 l hybridization solution (same as the hybridization solution used in the ISHH hybridization). The slides were then washed as previously described (61), the endogenous peroxidase was inhibited by incubation in DAKO peroxidase blocker (Dako North America, Carpinteria, CA) at room temperature for 10 min, processed for the DIG labeling probe by incubating in 1:500 of anti-DIG-HRP (Roche Diagnostics) made in 1ϫ TBS (Tris-buffered saline: 0.1 M Tris ⅐ Cl pH 7.5, 150 mM NaCl) containing 5% normal goat serum (Vector, Burlingame, CA) at 4°C overnight, and amplified in the 1:20,000 FITC Tyramide [kindly provided by Dr. Eva Mezey, National Institute of Dental and Craniofacial Research, National Institutes of Health (NIH)] in 10 ml 0.1 M Tris ⅐ HCl (pH 8.0) with one tablet of hydrogen peroxide-urea (Sigma-Aldrich) at room temperature for 10 min for the OT and VP exon-specific probes and the OT intron-specific probe. For the VP intron-specific probe, the slides were developed in the 1:500 fluorophore-labeled tyramide in 1xplus amplification diluent from the TSA Plus fluorescence kit (PerkinElmer, Waltham, MA). After being rinsed in 1ϫ TBS buffer, only the slides hybridized with the OT intronic probe were incubated in 1:500 of antifluorescence-horseradish peroxidase (Roche Diagnostics) in the 1ϫ TBS with 5% normal goat serum at 4°C overnight and amplified in the 1:20,000 FITC Tyramide for the second time, because the OT intronic probe is very short, and signals generated from this probe are either very weak or not visible after a one-time amplification. Finally, the slides with OT intronic probe were stained with 1:50,000 DAPI at room temperature for 1 min, and the same was done for the other OT and VP intronic and exonic probes. The sections were viewed in a Leica DMR6000 fluorescence microscope, and pictures were taken with a Hamamatsu camera and Volocity software (Improvision, Lexington, MA). High-resolution images were analyzed using NIH Image software, version 1.35.
Statistical analyses. The statistically significant differences of OT and VP hnRNA or mRNA relative copy numbers in the rat SON among groups were calculated either by ANOVA followed by Fisher's PLSD test, using the Statview 5.0 (SAS Institute, Cary, NC) program, or by a two-tailed Mann-Whitney/Wilcoxon U-test. Differences between groups were considered statistically significant when P Ͻ 0.05. Results are expressed as copy number per animal or percentage of control (means Ϯ SE).
RESULTS
Identification of OT and VP primary transcripts and transcription intermediates by reverse-transcription-PCR.
To obtain evidence that the primary transcripts and specific transcription intermediates of OT and VP gene expression are in fact present in the total RNA extracted from the rat SONs, we identified the OT and VP primary transcripts and hnRNA forms by qualitative RT-PCR. Figure 1 shows the predicted RT-PCR products (i.e., cDNAs derived from putative OT and VP primary transcripts and hnRNAs) on ethidium bromidestained agarose gels after electrophoresis. Figure 1A shows the PCR products derived from the OT or VP primary transcripts. Figure 1B shows the PCR products derived from OT or VP hnRNA 1, i.e., the transcription intermediates containing only intron 1. Figure 1C shows the PCR products derived from the OT or VP hnRNA 2, i.e., the intermediate RNA forms containing intron 2, but no intron 1. All the DNA sequencing results for the OT and VP primary transcripts, hnRNA 1, and hnRNA 2 PCR products that validate their identities are shown in Supplemental Figs. S3-S8. BLAST results of the sequenced PCR products confirm that they are the predicted sequences.
Evaluation of changes of OT and VP mRNAs and hnRNAs in the SON after acute hyperosmotic stimulation in vivo using real-time RT-PCR. In a previous study, using quantitative ISHH (qISHH), we reported that there was an increase in VP hnRNA but not OT hnRNA in the SON, following an acute hyperosmotic stimulus produced by intraperitoneal salt injection (61) . This is in contrast to the situation of chronic salt loading during which both the OT and VP hnRNA are greatly increased (62) . In both of these qISHH studies, we were only able to use a riboprobe directed against intron 2 of the OT gene, since all our efforts to construct an effective riboprobe against OT intron 1 for qISHH were unsuccessful. It is not clear why the very short intron 2 sequence provides a better riboprobe for detecting OT hnRNA in the MCNs by qISHH than the longer riboprobes that targeted intron 1. However, we wanted to determine if these observations of a refractory response of OT gene expression to acute hyperosmotic stimuli found for OT intron 2 also held true for OT intron 1, and hence, we tried to quantitatively measure the VP and OT hnRNAs using a real-time RT PCR assay. In the present study, we used the quantitative real-time RT-PCR method described here in which effective primers (Supplemental Table S2 ) and standards (Supplemental Table S3 ) could be synthesized and used for all four introns. The same OT or VP PCR primers used to amplify the synthesized 90 nt oligonucleotides described above for the construction of the standard curves (Supplemental Table S3 , Fig. S1 ) were also used to amplify the OT and VP gene-specific reverse-transcribed cDNAs from the rat SON total RNAs. Figure 3 shows representative fluorescence growth curves of OT (Fig. 3A) and VP (Fig. 3B) real-time PCR products using a SON total RNA sample from the same rat. From these growth curves, we can see that OT exon 1-bearing RNA has a much lower Ct value compared with that of OT intron 2, and that the Ct value of OT intron 2 is much lower than OT intron 1 in the same rat (Fig. 3A) . The Ct value of VP exon 1 is also much lower than those of both VP intron 1 and intron 2, but in contrast to OT, the Ct values between VP intron 1 and VP intron 2 (Fig. 3B ) are close to each other. This difference in the presence of intron 2 vs. intron 1-bearing hnRNA levels between the OT and VP genes was found under all the physiological conditions that we studied (see Table 1 ). For most of the samples described in this paper, no genomic DNA contamination of the RNAs was detected up to 50 cycles, and when DNA was detected, the Ct values for the genomic DNA contaminants were at least eight cycles greater than those of the corresponding RNAs in these samples. Therefore, the Ct values from genomic DNA are sufficiently out of the range of the RNA analyses, and would not influence the RNA quantifications derived from the standard curves.
Given that we could use these real-time RT-PCR primers and standard curves to measure the amounts of OT and VP mRNA and different hnRNAs in the rat SON under various physiological conditions, we first used this method to study the changes in OT and VP hnRNAs and mRNAs in the SON after acute hyperosmotic stimulation. These data are shown in Fig. 4 . Compared with the RNAs in the control rat SONs, both intron-specific assays indicate an increase in VP hnRNA following an acute salt load; however, only the VP hnRNA 2 level increase was statistically significant (P Ͻ 0.05). It is notable that under the same conditions, the levels of OT hnRNA 1, OT hnRNA 2, OT mRNA, and VP mRNA were unchanged (Fig.  4) . Therefore, acute hyperosmotic stimulation significantly increases only VP hnRNA in the SON, indicating that VP but not OT gene transcription is increased under this physiological condition. Therefore, these data both support the conclusions previously reported using qISHH (61) and extend those conclusions by providing a more complete quantitative analysis of the hnRNA response of the MCNs in the SON by evaluating all four hnRNAs in response to the acute hyperosmotic stimuli. This further suggests that there are different signal-transcription coupling mechanisms influencing OT and VP gene expression responses to hyperosmotic stimuli (62) .
Steady-state OT and VP hnRNA and mRNA levels in SONs of normal male, and normal, lactating, and pregnant female rats as determined by real-time PCR. Quantitative real-time RT-PCR studies were made using SON total RNA from adult male and female rats, 19-day pregnant rats, and 7-day lactating rats, and the results of these studies are illustrated in Figs. 5 and 6. As described earlier, the relative copy numbers of OT and VP transcripts in the rat SON were calculated using the Ct values from the real-time PCR and the equations drawn from the standard curves (see METHODS). For the OT gene in the adult male or female rat, the relative copy number of OT mRNA is ϳ10 8 /SON pair ( Fig. 5C ) is much larger than that of OT hnRNA 2, which is ϳ10 6 /SON pair (Fig. 5B) . Interestingly, the copy number of OT hnRNA 2 is much greater than OT hnRNA 1, which is ϳ10 3 /SON pair (Fig. 5A) . Compared with the adult female, lactation caused a significant increase in OT hnRNA 1 (P Ͻ 0.05), OT hnRNA 2 (P Ͻ 0.05) and OT mRNA (P Ͻ 0.05). However, none of these three transcripts changed significantly in the 19-day pregnant rats (P Ͼ 0.05 in each case). The copy number of VP mRNA in the adult male and female rat SON is ϳ10 8 /SON pair (Fig. 6C) , which is very similar to that of the OT mRNA levels, but much bigger than those of VP hnRNA 1 (Fig. 6A ) and VP hnRNA 2 (Fig. 6B) . Unlike the situation for the OT RNAs, the copy numbers between VP hnRNA 1 and hnRNA 2 are similar, which is ϳ10 3 /SON pair. Lactation increased VP hnRNA 1, VP hnRNA 2, and VP mRNA expression compared with the adult females. As was the case for the OT gene, the expression of VP mRNA and Fig. 3 . Illustrations of real-time PCR of OT and VP RNAs using cDNA derived from the total RNA of the same rat SON. Representative real-time PCR growth curves for OT (A) and VP (B) specific PCR primers using cDNA template from total RNA of the same rat SON are shown. A: from the growth curves, we can see that the real-time PCR product from OT exon 1 has a lower cycle threshold (Ct) value compared with those of OT intron 1 and 2. Note that the Ct value of OT intron 2 is significantly lower than OT intron 1, even though the cDNA template used here from the same rat total RNA. B: in the same rat SON total RNA sample, the Ct value of VP exon 1 is much lower than those of both VP intron 1 and intron 2, but the Ct values between VP intron 1 and intron 2 are similar to one another. These differences in OT and VP hnRNA patterns were found in all the SON total RNA samples that we studied (See also Figs. 5 and 6 ).
hnRNAs did not change significantly in the 19-day pregnant rats compared with the adult females.
The ratios of OT and VP mRNA and hnRNA contents are compared in Table 1 . In the rat SON, the copy number of OT mRNA is ϳ100-fold greater than the OT hnRNA 2, and OT hnRNA 2 is 100 to 1,000-fold higher than OT hnRNA 1. The VP mRNA copy number is five orders of magnitude greater than that of VP hnRNA 1, and the VP hnRNA 1 is only eightfold greater than VP hnRNA 2. The relatively large amount of steady-state OT hnRNA 2 in the SON compared with all the other hnRNA forms, under all the different physiological conditions studied, suggests that incompletely spliced transcripts still containing intron 2 are present and that a process of OT intron 2 retention may be occurring in the OT MCNs (see DISCUSSION) .
Locations of OT and VP hnRNA and mRNA in the magnocellular neurons of rat SON. Using an OT intron 2-specific riboprobe, a VP intron 1-specific riboprobe, and OT and VP exon-specific riboprobes, we were able to detect and topographically localize the OT and VP hnRNAs and mRNAs in the MCNs in the rat SON. These data are illustrated in Fig. 7 . The sections hybridized with the VP intron-specific riboprobe shows the green signals from VP hnRNA are exclusively located in the nuclei, which are stained blue by DAPI (Fig. 7A) . In contrast, the OT hnRNA 2 is predominantly localized to the cytoplasm (Fig. 7B) . These data are consistent with the hypothesis that there is selective retention of OT intron 2 in the MCNs and shows that this partially spliced OT hnRNA is largely present in the cytoplasm of the MCNs. For comparison, the cytoplasmic locations of the VP and OT mRNAs are shown in Fig. 7 , C and D, respectively.
DISCUSSION
In the present study, we used two-step quantitative real-time RT-PCR to measure OT and VP mRNAs and hnRNAs in the SONs of rats under a variety of physiological conditions. We found that by using external standard curves together with two-step real-time RT-PCR we could reliably measure low abundance hnRNA transcripts in the rat SON. We used genespecific reverse transcription in these procedures to measure and compare the copy numbers of OT and VP mRNA and hnRNAs from the same total RNA SON sample. The use of gene-specific primers for the reverse transcription provides the greatest sensitivity and specificity for the quantitative assays compared with random primers and oligo-dT primers in the two-step real-time PCR method (9). The cDNAs derived from the gene-specific primer upstream of the poly-A sequence should reflect all the different RNA components, such as cDNAs from primary transcripts, splicing intermediates (hnRNA 1 and hnRNA 2), and mRNAs. There are two ways to prepare external standard curves to determine copy numbers for each transcript in a given cell or tissue (8) . The first involves in vitro-transcribed sense RNA from a plasmid with real-time PCR targeting sequence, and the second is use of singlestranded sense-strand oligonucleotides. Here, we used the single-stranded sense-strand oligonucleotide method to construct the standard curves. Earlier comparisons of the amplification efficiencies derived from standard curves prepared from T7-transcribed RNA vs. sense oligonucleotides standards found these methods to yield virtually identical results and therefore the sense oligonucleotides standard approach has been accepted as a legitimate alternative to the in vitro-transcribed standard RNA approach (8) . For example, the oligonucleotide standard curve approach has been successfully used in quantifying HHV-6B genes (37) .Therefore, in this paper we estimated copy numbers of the various transcript forms studied here by using oligonucleotide standard curves.
Comparisons between qISHH and quantitative real-time RT-PCR in studies of the rat SON. Re-evaluation of the OT and VP gene expression responses to acute hyperosmotic stimulation initially determined by qISHH (61) was done by the real-time RT-PCR methods described in this paper. In the previous ISHH study (61) , it was reported that there was a selective increase in VP hnRNA but not OT hnRNA after acute osmotic stimuli, although both neuropeptides are known to be robustly secreted in response to this stimulus. Since this finding was unexpected, and in those studies only an intron specific probe to OT intron 2 was adequate to measure the changes in OT hnRNA levels, we decided to re-examine these data using both intron 1-and intron-2 specific primers for the OT and VP genes in quantitative real-time RT-PCR assays. The data in Fig. 4 show that the conclusions based on the qISHH data are confirmed by the real-time RT-PCR experiments and also are supported by the results of the latter experiments when both the intron 1-and intron 2-specific primers were used. Therefore, both the qISHH data (61) and the present quantitative RT-PCR data show that VP gene transcription is increased during acute hyperosmotic perturbation, whereas OT transcription is not. This is in contrast to the situation obtained after 2 days of hyperosmotic stimulation (62) .
Another comparison between qISHH and quantitative realtime RT-PCR data that we evaluated relates to the observation is that there is an apparent discrepancy between VP hnRNA and VP mRNA levels in the SON and suprachiasmatic nucleus (SCN). It is well known that the VP MCNs in the SON synthesize large quantities of VP peptide, which they transport to, store in, and secrete from the posterior pituitary into the blood. In contrast, the smaller VP-synthesizing neurons in the SCN synthesize, store, and secrete much less VP neuropeptide Fig. 4 . Comparisons of OT and VP hnRNA and mRNA levels in supraoptic nuclei (SONs) of acutely hyperosmotically stimulated male rats vs. SONs in isotonic controls. Real-time PCR analysis of the various OT and VP RNA species in SON total RNA extracted from male rats that had received an acute hyperosmotic injection of 1.5 M NaCl (1% body wt) (n ϭ 5), were compared with real-time PCR values of SONs from control males, which had received an isotonic saline injection of equal volume (n ϭ 5). Changes in the OT hnRNAs and mRNA are shown in A, and in VP hnRNAs and mRNA in B. The acute osmotic stimulus produced significant increases only in VP hnRNA 2 (P Ͻ 0.05) and increases in VPhnRNA 1 but did not effect the expression of either OT hnRNA 1, OT hnRNA 2, OT mRNA, or VP mRNA. Data are presented as percentages of isotonic control. *Significantly different from male isotonic control, P Ͻ 0.05. Fig. 5 . OT hnRNA and mRNA levels in the SONs of adult male, and adult (virgin), pregnant, and lactating female rats. Real-time PCR was performed using primers for the detection of transcripts containing OT intron 1, OT intron 2 and OT exon 1 to measure the levels of OT heteronuclear RNA (hnRNA 1) (A), OT hnRNA 2 (B), and OT mRNA (C), respectively, in the SON total RNA from adult female (n ϭ 5), 19-day pregnant (n ϭ 5), 7-day lactating female (n ϭ 4), and adult male (n ϭ 5) rats. The data are expressed as copy numbers of RNA in SON pair per rat. As expected, the OT mRNA levels is much greater than the hnRNAs levels, and the OT hnRNA 2 are orders of magnitude greater than OT hnRNA 1. Compared with the adult female controls, only the lactating rats showed significant increases in OT hnRNA 1 (P Ͻ 0.05), OT hnRNA 2 (P Ͻ 0.05), and OT mRNA (P Ͻ 0.001) levels. *Significantly different from adult female control, P Ͻ 0.05. within the nervous system in a circadian pattern (7) . Consistent with these observations, other studies show that the VP mRNA levels in the SON are substantially higher than in the SCN (60) . This is easily visualized by the differences in ISHH signals seen in these two nuclei when an exon-specific probe is used to detect VP mRNA (Supplemental Fig. S9, top right) . Interestingly, when ISHH is done using a VP intron 1-specific riboprobe in the same brain at the circadian peak time of VP transcription in the SCN, the VP hnRNA levels in the SON and SCN appear to be similar (Supplemental Fig. S9, bottom right) . To quantify these observations, we punched out the bilateral SON and SCN and determined the copy numbers of the VP mRNAs and hnRNAs in these nuclei using quantitative realtime RT-PCR technique (see METHODS). The results of these measurements are presented in Supplemental Table S4 and show that the SON contains 16-fold more VP mRNA than the SCN (P ϭ 0.03). In contrast, the SON hnRNA/SCN hnRNA ratio is 2.8-fold, but this difference is not significantly different between the two nuclei (P ϭ 0.41).
Thus, the quantitative real-time RT-PCR data in Supplemental Table S4 are consistent with the qualitative ISHH data presented in Supplemental Fig. S9 . These data support the view that at the circadian peak time of VP gene expression in the SCN, the hnRNA levels in the SCN and SON are similar, in contrast to their mRNA levels, which are dramatically different. This apparent discrepancy reinforces the view that the hnRNA level primarily reflects transcription rates, whereas the mRNA reflects both transcriptional and mRNA degradative processes, which are more dynamically regulated in the SCN than in the SON.
No rigorous quantitative comparison has ever been made between these two nuclei with respect to their VP hnRNA levels, but consistent with our findings, a previous study using nuclear run methods showed equivalent levels of VP gene transcription in the light phase SON and SCN (11) . Another group that used a novel standardization approach in ISHH measured copy number/m 3 of mRNA measured in the SON and SCN and showed that the ratio of the SON/SCN mRNAs was equal to 14.7 (60) . This ISHH determined value is in excellent agreement with the SON/SCN ratio of 16 obtained from the studies in this paper using real-time RT-PCR (Supplemental Table S4 ). No standardized qISHH data are available to compare to the SON/SCN VP hnRNA ratio of 2.8 that we found by quantitative real-time RT-PCR (Supplemental Table S4 ). However, the latter difference on VP hnRNA between the two nuclei was not statistically significant, and this finding is consistent with the interpretation of comparable levels of VP hnRNA drawn from the visual inspections of the ISHH data in Supplemental Fig. S9 (bottom right) . Thus, comparisons of copy number estimates between the same transcript species (e.g., mRNA or hnRNA) appear to be comparable in qISHH and RT-PCR methods.
Comparing copy numbers between different transcript species obtained by using different methods may be problematic. From the qISHH studies the ratio of VP mRNA/VP hnRNA 1 copy numbers in the rat SON was reported to be 40 (60) . In a recent, single-step real-time PCR study from our laboratory, it was reported that this ratio was 439 (41) , and in the present study, we find that this ratio is 1.29 ϫ 10 5 . Hence, we conclude that while these estimates of relative copy numbers can be legitimately compared between measurements of levels of the Fig. 6 . VP hnRNA and mRNA levels in the SONs of adult male, and adult (virgin), pregnant, and lactating female rats. Real-time PCR was performed using primers for the detection of transcripts containing VP intron 1, VP intron 2, and VP exon 1 to measure the levels of VP hnRNA 1 (A), VP hnRNA 2 (B), and VP mRNA (C), respectively, in the SON total RNA from adult female (n ϭ 5), 19-day pregnant (n ϭ 5), 7-day lactating (n ϭ 4), and adult male (n ϭ 5) rats. The data are expressed as copy numbers of RNA in SON pair per rat. As expected, the VP mRNA level is much greater than the VP hnRNAs levels, but the VP hnRNA 1 and hnRNA 2 levels are much closer compared with the OT transcription pattern. Compared with the adult female control, only lactation significantly increased both VP hnRNA 1 (P Ͻ 0.05) and VP mRNA (P Ͻ 0.05) expression, and VP hnRNA 2 (P ϭ 0.053) also increased and was close to but did not reach statistical significance. *Significantly different from adult female, P Ͻ 0.05. same RNA species (e.g., hnRNAs or mRNAs), comparisons between different RNA species and derived by different methods do not appear to be comparable. This may be due to differences in efficiencies of the probe hybridization and RT steps in ISHH and RT-PCR, respectively, for the low abundance RNA species (e.g., hnRNAs) and higher abundance RNA species (e.g., mRNAs). However, general changes in either hnRNA or mRNA evaluated by the same probes and methods can be compared using these calculated copy numbers.
OT and VP gene expression and reproductive status. An unresolved biological issue that we addressed in this study is the question whether OT gene expression is increased in the MCNs in the SON during pregnancy. In a comprehensive review about the OT MCN system and pregnancy, it was noted that there was no consensus in the literature as to whether OT mRNA or OT hnRNA expression in the SON is altered during pregnancy (see pp. [41] [42] [43] . A variety of assays to assess OT mRNA levels have been used to try and answer this question including liquid-phase hybridizations (64); slot blot (50) and Northern blot (26) hybridizations; and qISHH (33, 45) . Compared with diestrus or virgin female rats, pregnant female rats (from 16 -21 days of pregnancy) were both reported to have from 30 to 300% OT mRNA increases in pregnancy in some reports (26, 32, 33, 45, 53, 64) to no changes at all in other reports (6, 16, 50) . In only one study in the literature was a probe to OT hnRNA used in ISHH, and this led to a report of no increase in pregnancy, but the OT hnRNA did appear to increase in the SON 2 days after birth (16) .
Given the above lack of agreement between these studies about OT gene expression during pregnancy, we re-evaluated this question using the quantitative real-time RT-PCR methods described here, by examining both mRNA and hnRNA levels. To be comprehensive in this analysis we included assays for both OT and VP mRNAs and hnRNAs, and compared these values in male and virgin female rats, lactating female (7 days postpartum), and 19-day pregnant female rats. These data are shown in Figs. 5 and 6, and the actual copy numbers are shown in Table 1 . From these data it can be seen that OT and VP gene expression did not differ between the adult male and female rats, nor was there any significant difference between the OT mRNAs and OT hnRNAs (as well as between the VP mRNAs and VP hnRNAs) between virgin females and day 19 pregnant females. There were, however, large differences between OT mRNAs and OT hnRNAs as well as between VP mRNAs and VP hnRNAs between the adult virgin female rats and day 7 lactating females. We conclude that OT gene expression is not altered during pregnancy but is greatly increased during lactation.
Splicing patterns of the OT and VP pre-mRNAs in the SON. In the present study, we provide RT PCR evidence for the presence of the primary transcripts and transcription intermediates of the OT and VP genes in the rat SON (Fig. 1) . The PCR products representing the OT and VP primary transcripts are shown to contain part of intron 1, all of exon 2 and part of intron 2 (Fig. 1A) . The intron 1-bearing intermediates without intron 2 (hnRNA1) are shown in Fig. 1B , and the intermediates containing intron 2 without intron 1 are shown in Fig. 1C . The identities of all of these PCR products were validated by DNA sequence analyses (Supplemental Figs. S3-S8) . From the qualitative PCR data shown in Fig. 1 , we can conclude that the primary transcripts and intermediate RNA forms that we quantified here by real-time PCR are in fact present in the MCNs of rat SON. Based on the quantitative data for OT and VP hnRNAs and mRNAs shown in Table 1 , we deduce a hypothetical model of the order of splicing of the introns of the OT and VP pre-mRNAs. This model is illustrated in Fig. 8 . Given that these genes have only two introns, the underlying assumption of this analysis is that in each physiological condition studied, the lowest hnRNA copy number reflects the amount of copies/SON, is much lower than the OT hnRNA 2 copy number of 2.65 ϫ 10 6 , the latter being 831-fold higher (Table  1) . Hence, we interpret these data as indicating that OT intron 1 is spliced first in the OT primary transcript, thereby leaving behind the remaining intermediate OT hnRNA 2 (Fig. 8) . The reverse order then would be the case for the VP-pre-mRNA, where the adult female SON contains 3.95 ϫ 10 2 copies/SON of VP hnRNA 2, which is one-eighth of the 3.5 ϫ 10 3 intron 1-containing RNA species. We therefore interpret this as intron 2 being spliced first in the VP primary transcript, followed by the excision of intron 1 (Fig. 8) .
Evidence for retention of an intron 2-containing spliced intermediate. The most notable difference between the splicing patterns of the OT and VP pre-mRNAs that we have found is that the amount of OT hnRNA 2 in the SON (ϳ10 6 copies/ SON) is 100 -1,000-fold greater than the amount of OT hnRNA 1 and both VP hnRNAs in the SON (Table 1) . This suggests that OT intron 2 may be undergoing intron retention (i.e., a failure to undergo excision of a specific intron). That intron 2 appears to be accumulating in the OT MCN at a much higher level than in intron 1 had been indicated by our previous ISHH data, since OT intron 2-specific oligonucleotide probes were much more effective in detecting OT hnRNA than OT intron 1-specific probes (61) . This was the case even though the conditions for ISHH were much more favorable for detecting the longer intron 1 than the very short 84 bp intron 2. It is important to note here that the oligonucleotide and riboprobes used in the ISHH studies (61) could have been measuring excised but not degraded intronic RNA in the nuclei of the MCNs. This cannot be the case for the real-time RT-PCR measurements in the current paper since in the two-step method used here the RT step used a downstream gene-specific primer prior to the PCR step (which used the intron-specific primers). Therefore, free, excised introns could have not been detected by this method.
The conclusion deduced from the PCR data that there is retention of OT intron 2 in the SON is supported by the results of our FISH analysis and the distributions of OT and VP hnRNAs and mRNAs, which are shown in Fig. 7 . The localization of VP hnRNA detected by the intron 1-specific riboprobe is in the nucleus (Fig. 7A) , while the OT hnRNA detected by the intron Fig. 8 . Differential splicing of the OT and VP pre-RNAs. From the relative steady-state levels of the mRNAs and hnRNAs found in the SON for the oxytocin (Fig. 5) and vasopressin (Fig. 6 ) genes, we deduced a speculative kinetic pattern of splicing. The K symbols represent theoretical rate constants, the actual values of which are unknown, and their associated numbers indicate the presumed order of splicing (see DISCUSSION) . The OT primary transcript first has intron 1 excised out, thereby producing an intermediate, which only contains OT intron 2. OT intron 2 is subsequently excised, leading to the OT mRNA. In contrast, in the VP gene, intron 2 is first excised, followed by the removal of intron 1, thereby producing the VP mRNA. The most important distinction in splicing patterns between the OT and VP pre-mRNAs is the apparent accumulation of intron 2-containing hnRNA intermediate in the OT splicing process.
2-specific riboprobe is mainly in the cytoplasm (Fig. 7B) . As expected, the VP (Fig. 7C) and OT (Fig. 7D ) mRNA are localized in the cytoplasm. These data are consistent with the hypothesis that there is a selective OT intron 2 retention in the SON and further indicate that the partially spliced OT hnRNA in the MCNs is being transported to the cytoplasm.
While the above suggestion that OT intron 2 retention is occurring in the SON is novel for OT and VP gene expression, this type of alternative splicing is known to occur in vertebrates (3, 4, 21, 27, 29) . In a recent large-scale study of 21,106 human genes, it was found that ϳ15% showed evidence of intron retention and of these 22% were conserved in the mouse genome (21) . One correlation found between the probability of an intron being retained and structure is that retained introns are significantly shorter than nonretained introns. This is particularly relevant here since the OT intron 2 is very short, i.e., only 84 bp. Many well-known gene transcripts are known to undergo intron retention. These include proinsulin (34, 56) , cyclo-oxygenase 1 and 3 (15, 43) , apolipoprotein E (59), urocortin 1 (5), GnRH (46, 48, 49) , and PNMT (51) . In many of these cases, the intron-retention mechanism plays an important role in the regulation of gene expression. For the proinsulin mRNA variant, intron 1 containing the 5Ј-UTR is retained in developing chicks (34) in a tissue-specific manner and influences heart development. In the mouse ␤-cells in the islets of Langerhans, the splicing rate of intron 1 is orders of magnitude faster than the excision of intron 2 in proinsulin (half-time of intron 2 splicing is ϳ7 min), and the presence of intron 2 in the hnRNA inhibits translation (56) . In both systems, the intron 2-containing proinsulin hnRNA is transported to or leaks into the cytoplasm where it undergoes degradation at the same rate as mature mRNA (half-time Ͼ48 h). Another interesting example is the processing of the GnRH pre-mRNA where this excision of intron 1 is also developmentally regulated. The retention of intron 1 produces a longer 5Ј-UTR, which decreases the efficiency of translation, even though the intron 1-containing hnRNA can enter the cytoplasm. It is conceived that the role of this intron-retention is to allow for rapid control of translation by having a pool of untranslatable but splice-ready hnRNA in the cell (46, 48, 49) . While the above-discussed partially spliced RNAs have access to the cytoplasm of the cell, in other systems the retained intron remains in the nucleus. The latter is the case for the APOE4 variant that retains intron 3 (i.e., APOEI3, in Ref. 59) in neurons. These authors point out that this variant provides a potential for a rapid response of the cell to stress or injury. In this way, there are two regulated sources of APOE mRNA that are available, conventional gene expression and splicing, the latter due to a reserve pool of APOEI-3 that can be rapidly induced to splice out intron 3 (59) . A variant of this phenomenon is found in mouse liver, where there is an 8 kb nuclearretained poly (Aϩ) RNA (CTN-RNA) that is transcribed from the cationic amino acid transporter (mCAT2) gene and is retained in the nucleus due to the presence of its 3Ј-UTR. Stress stimuli cause posttranscriptional cleavage of this 3Ј-UTR and subsequent transport of the CTN-mRNA into the cytoplasm for translation of the CTN protein (42) .
Little is known about the mechanism responsible for intronretention. Some suggestions are: 1) that there is repression of splicing by polypyrimidine tract proteins in some cells and 2) that there is nonconsensus splicing sites in either the 5Ј or 3Ј end of the introns or in branch points of the intron (3, 4) . These have been proposed for the retention of intron 1 in GnRH (46, 49) . In this regard it is interesting that in addition to the "major spliceosome" mechanisms found in the nucleus (3, 4) , there are also so-called "minor spliceosome" mechanisms located in the cytoplasm (28, 39) . These differ not only in their locations of splicing, but also in their preferred consensus sites and specific small nuclear riboprotein particles (SnRNPs). The "minor class introns" spliced by this mechanism represent only 0.15-0.34% of all introns in vertebrates, tend to be shorter in length, and have considerably slower rates of processing (28) . Hence, it is possible that OT intron 2 is in the "minor intron class" and whether the OT hnRNA 2 is spliced in the MCN's cytoplasm remains to be determined.
